Oligomerization of connexins is a critical step in gap junction channel formation. Some members of the connexin family can oligomerize with other members and form functional heteromeric hemichannels [e.g. Cx43 (connexin 43) and Cx45], but others are incompatible (e.g. Cx43 and Cx26). To find connexin domains important for oligomerization, we constructed chimaeras between Cx43 and Cx26 and studied their ability to oligomerize with wild-type Cx43, Cx45 or Cx26. HeLa cells co-expressing Cx43, Cx45 or Cx26 and individual chimaeric constructs were analysed for interactions between the chimaeras and the wildtype connexins using cell biological (subcellular localization by immunofluorescence), functional (intercellular diffusion of microinjected Lucifer yellow) and biochemical (sedimentation velocity through sucrose gradients) assays. All of the chimaeras containing the third transmembrane domain of Cx43 interacted with wild-type Cx43 on the basis of co-localization, dominantnegative inhibition of intercellular communication, and altered sedimentation velocity. The same chimaeras also interacted with co-expressed Cx45. In contrast, immunofluorescence and intracellular diffusion of tracer suggested that other domains influenced oligomerization compatibility when chimaeras were co-expressed with Cx26. Taken together, these results suggest that amino acids in the third transmembrane domain are critical for oligomerization with Cx43 and Cx45. However, motifs in different domains may determine oligomerization compatibility in members of different connexin subfamilies.
INTRODUCTION
Gap junction channels connect the cytoplasms of adjacent cells allowing intercellular passage of ions and molecules up to 1 kDa in size between coupled cells. Each gap junction channel is an oligomer composed of twelve protein subunits of connexin. The connexins are polytopic membrane proteins containing four TM (transmembrane) (TM1-TM4), three cytoplasmic [NT (Nterminal), IL (intracellular loop) and CT (C-terminal)], and two extracellular (E1 and E2) domains (reviewed in [1] ). Six connexins oligomerize within the secretory pathway to form a hemichannel or connexon. Different connexins oligomerize in different intracellular compartments, as examples Cx43 (connexin 43) in the trans-Golgi network [2, 3] and Cx32 in the ER (endoplasmic reticulum) [3] . After trafficking to the plasma membrane through the secretory pathway, connexons dock with complementary connexons of the adjacent cell, leading to the formation of gap junction channels.
Many cell types express more than one connexin subtype, making possible oligomerization between identical subunits to form homomeric connexons or between different subunits to form heteromeric connexons. Homomeric connexons may form homotypic gap junction channels (when docking takes place between two connexons made of the same connexin), or heterotypic gap junction channels (when docking involves two homomeric connexons made of different connexins). The resulting homotypic, heterotypic and heteromeric gap junction channels have specific and greatly diverse properties (e.g. single channel conductance, permeability, gating and regulation by kinases) [4] [5] [6] [7] [8] [9] .
We and others have shown that Cx43 forms heteromeric channels with Cx45, Cx40 and Cx37, but not with the 'β' connexins, Cx26 and Cx32 [4, [10] [11] [12] [13] [14] . However, there is limited available information regarding the molecular determinants for connexin compatibility and oligomerization between different connexins. Recently, Maeda et al. [15] published the crystal structure of the gap junction channel formed by human Cx26 at 3.5 Å (1 Å = 0.1 nm) resolution. This structure confirms that the docking between the two adjoining connexons involves both E1 and E2, consistent with previous studies showing that amino acid sequences in E2 determine compatibility of connexins for heterotypic pairing [16] . This structure also indicates that the inter-protomer interactions that stabilize the hexameric connexon are mostly located in the extracellular half of transmembrane helices and in the extracellular loops [15] . However, the domains determining oligomerization compatibility remain unknown. Our previous studies suggest that the CT domain of Cx43 is not needed for oligomerization, since Cx43tr251, a truncated form of Cx43, forms functional homomeric channels [17] . When expressed alone, Cx43tr251 does not form gap junction plaques detectable by immunofluorescence; however, when co-expressed with wild-type Cx43 or Cx45, Cx43tr251 forms gap junction plaques [17] . To identify critical domains for connexin compatibility, we generated a series of chimaeric constructs in which domains were reciprocally exchanged between two incompatible connexins, Cx43 and Cx26, to determine whether they oligomerize with wild-type connexins.
EXPERIMENTAL

Strategy for generation of chimaeric constructs
Chimaeric constructs were generated by PCR using LA Taq  DNA polymerase and primer sequences based on rat Cx43  and Cx26 cDNAs (see Supplementary Table S1 at http://www. BiochemJ.org/bj/436/bj4360035add.htm). Chi1-4 (chimaeras 1-4) were generated through a double PCR protocol in which the first PCR product was used as a primer (megaprimer) for the second PCR [18, 19] . Chi5 and Chi6 were produced through three successive PCR reactions; the first two PCR reactions used standard oligonucleotide primers with different templates, whereas the third PCR used the product of the first PCR as one primer and the product of the second PCR as template. Details of templates and primers used to generate the different chimaeras are indicated in Supplementary Table  S2 (at http://www.BiochemJ.org/bj/436/bj4360035add.htm). The chimaeric constructs were all subcloned into pcDNA3.1/Hygro ( + ) (Invitrogen).
Transfections and cell culture
Geneticin-resistant HeLa cells stably transfected with Cx43 or Cx45 were grown as described previously [4, 5] . Puromycinresistant HeLa cells transfected with wild-type Cx26 (HeLaCx26) were provided by Dr Bruce Nicholson (University of Texas Health Science Center, San Antonio, TX, U.S.A.) [9] . Stable co-expression of chimaeras with Cx43 or Cx26 was obtained after transfection of the chimaeric constructs into HeLaCx43 or HeLaCx26 cells respectively, and clonal selection with 100 μg/ml Hygromycin (Calbiochem/EMD). For co-expression with Cx45, HeLaCx45 cells were transiently transfected with the chimaeric constructs.
Indirect immunofluorescence
Cells grown on glass coverslips were fixed in methanol/acetone (1:1) and permeabilized with 1 % Triton X-100 prior to incubation with primary antibodies. Single-and double-labelling immunofluorescence was performed using rabbit polyclonal anti-HA (haemagglutinin) antibodies (71-5500; Zymed/Invitrogen) to detect chimaeras, and mouse monoclonal anti-Cx43 (MAB 3068; Chemicon/Millipore), anti-Cx26 (13-8100; Zymed/Invitrogen), anti-Cx45 (MAB 3100; Chemicon/Millipore) or anti-Golgi 58K (Sigma Chemical) antibodies. Cy3-conjugated goat anti-mouse and Cy2-conjugated goat anti-rabbit IgG antibodies were obtained from Jackson ImmunoResearch. Cells were examined using a Zeiss Axiophot II microscope, and images were captured using an AxioCam digital camera.
Immunoblotting
Total cell homogenates were prepared as described previously [4] . Proteins from total cell homogenates (100 μg) or Triton X-100-soluble or -insoluble fractions (50-100 μl) were resolved on SDS/PAGE gels (8 % or 10 %), and electrotransferred onto Immobilon-P membranes (Millipore). The membranes were subjected to immunoblotting using anti-Cx43, antiCx45, anti-Cx26 or anti-HA antibodies as described previously [4, 17] . Antibody binding was detected by chemiluminescence (ECL; Amersham) followed by exposure to X-ray film.
Triton X-100 extraction and sedimentation velocity of connexin monomers and oligomers through sucrose density gradients HeLa cell cultures at 70 % confluence were harvested in ice-cold PBS containing 2 mM PMSF, and the 100 000 g Triton X-100-soluble fractions were subjected to sedimentation velocity through 10-20 % or 5-20 % (w/v) linear sucrose gradients as described previously [20] . After centrifugation for 22 h at 100 000 g, 250 μl fractions were collected and analysed by immunoblotting. The monomeric connexin peak was assigned based on the percentage of sucrose at which SDS-solubilized Cx43 or chimaeras sedimented. The intensity of the bands in the different fractions was determined by densitometry.
Assessment of intercellular communication
Cells cultured on coverslips at 80 % confluence were impaled with a micropipette filled with 4 % Lucifer yellow (Sigma) in 150 mM LiCl. One cell within a cluster was microinjected with a picospritzer (model PLI-188; Nikon) or FemtoJet-injectMan microinjector (Eppendorf) using 0.2-to 0.3-s pulses of 7-14 kPa, for 1 to 2 min. The extent of intercellular transfer was determined by recording the number of adjacent cells containing the tracer, excluding the impaled cell, after visualization by epifluorescence microscopy [4] .
RESULTS
General strategy for production and analysis of Cx26-Cx43 chimaeric connexins
To identify domains that are critical for connexin oligomerization, we generated pairs of chimaeric constructs in which domains were reciprocally exchanged between two incompatible connexins, Cx43 and Cx26 (Figure 1 ). On the basis of our previous studies demonstrating that the CT domain is not required for Cx43 oligomerization [17] , the chimaeras containing the backbone of Cx43 were generated using Cx43tr251 cDNA as template to obtain chimaeras similar in size to Cx26. Each chimaera contained an HA epitope appended to its CT domain to allow its detection and differentiation from wild-type Cx43, which was detected using antibodies directed against the CT domain, which was only present in the full-length protein.
Co-expression of Chi1 or Chi2 with Cx43
The first set of reciprocal chimaeras, Chi1 and Chi2, contained approximately half of Cx43 and Cx26 each (NT domain to TM2 or IL to CT domain) (Figure 1 ). The initial screen for interactions with wild-type Cx43 was performed by immunolocalization in transfected HeLa cells. When expressed alone in stably transfected HeLa cells (HeLaCx43), Cx43 localized at appositional membranes (as expected for gap junction plaques) and within the cytoplasm (probably within biosynthetic/secretory compartments) (Figure 2A Each chimaera contained the HA tag appended to its C-terminus.
Table 1 Intercellular transfer of Lucifer yellow in HeLa cells expressing wild-type and chimaeric connexins
Individual cells were microinjected with Lucifer yellow to determine the incidence and extent of gap junction coupling. n, number of injections; incidence of coupling, percentage of injections resulting in intercellular dye transfer; tracer-filled neighbours, number of coupled cells (means + − S.D.); *P < 0.001 as compared with cells expressing wild-type Cx43 or Cx26.
Connexin-chimaera
Incidence (Table 1 ). In HeLaCx43-Chi1 cells, transfer of Lucifer yellow was infrequent, and the number of gap junction tracer-filled neighbours was severely reduced as compared with HeLaCx43 cells (Table 1 ). In HeLaCx43-Chi2 cells, transfer of Lucifer yellow was observed after all injections, and the number of tracer-filled cells did not differ from that observed in cells expressing Cx43 alone. These results are consistent with a dominant-negative interaction between Chi1 and Cx43 and the absence of a functional interaction between Chi2 and Cx43. Interactions between connexins that result in formation of oligomers (or that do not) can be detected by sedimentation through sucrose gradients, because of the differences in sedimentation velocities between connexin monomers and connexins that have oligomerized into connexons [2, 3, 17, 20, 21] . Therefore, to examine potential molecular interactions between Cx26/Cx43 chimaeras and Cx43, we examined their sedimentation velocity through sucrose gradients.
When analysed using a 10-20 % sucrose gradient, wild-type Cx43 (solubilized from HeLaCx43 cells) showed a two peak pattern with one peak centred at 11-12 % sucrose and a second peak centred at 14-15 % sucrose ( Figure 3A) . Treatment of cell homogenates with SDS (which disrupts connexin oligomers) collapsed immunoreactive Cx43 into a single peak at 11-12 % sucrose ( Figure 3A) . Thus the two peaks observed in the absence of SDS treatment corresponded to monomeric and oligomerized Cx43. In some experiments, we used 5-20 % sucrose gradients. In these gradients, Cx43 showed the expected two peaks centred at 7-8 % and 12 % sucrose, corresponding to monomers and hexamers respectively ( Figure 4A ).
The sedimentation velocities of wild-type Cx43 and chimaeras were determined in stably co-transfected cells. Material solubilized from HeLaCx43-Chi1 cells contained only a single, broad peak of Cx43 at low percentages of sucrose that was closely overlapped by the peak of Chi1 ( Figure 3B ). These results suggest that Chi1 interacted with Cx43, impairing its oligomerization into hexamers. In contrast, in material from HeLaCx43 cells transfected with the reciprocal chimaera, Chi2, wild-type Cx43 was present in two peaks (similar to those detected in cells expressing Cx43 alone) whereas Chi2 was only present in a single low sucrose percentage peak, the monomer peak ( Figure 4B ). These results suggest that Chi2 did not interact with or influence the oligomerization of Cx43.
Thus, co-expression of Chi1 with Cx43 affected the localization, function, and sedimentation velocity of the wildtype protein whereas none of these processes were affected by co-expression of Chi2. The simplest explanation for these results is that some of the Cx43 regions present in Chi1 (IL-TM4) are required for oligomerization with Cx43 whereas those in Chi2 (NT-TM2) are dispensable.
Co-expression of Chi3-Chi6 with Cx43
To define further the region of Cx43 responsible for oligomerization, we generated four additional chimaeras, Chi3 and Chi4 (in which only the IL-TM3 regions were interchanged between Cx26 and Cx43) and Chi5 and Chi6 (in which only TM3 was interchanged) (Figure 1 ). When expressed alone in transiently transfected HeLa cells, each of these chimaeras localized within the cytoplasm (Figures 5A-5D ). The frequency of detection of connexin at appositional membranes was much lower for any of the chimaeras than for the wild-type protein. In co-transfected cells, two chimaeras, Chi3 and Chi5, colocalized with wild-type Cx43 ( Figure 5 ) both intracellularly and at gap junction plaques (Figures 5E, 5I and 5M; and 5G, 5K and 5O). In contrast, Chi4 and Chi6 only localized intracellularly in HeLaCx43-Chi4 (Figures 5F and 5N ) and HeLaCx43-Chi6 ( Figures 5H and 5P ) cells. In these cells, Cx43 was mainly detected at gap junction plaques ( Figures 5J and 5L) , and there was little, if any, co-localization between Cx43 and Chi4 or Chi6 in the cytoplasm. These results suggest that co-expression of Cx43 with Chi3 or Chi5 'rescued' plaque formation by these chimaeras, a change in distribution that can best be explained by co-oligomerization with wild-type Cx43. The results also suggest that Chi4 and Chi6 did not interact with wild-type Cx43.
The two chimaeras that appeared to interact with Cx43 on the basis of immunofluorescence were further tested to see if they affected Cx43-mediated intercellular communication by measuring intercellular transfer of Lucifer yellow in cotransfected cells. Transfer of Lucifer yellow was infrequent, and the number of gap junction tracer-filled neighbours was substantially reduced in HeLaCx43 cells co-transfected with Chi3 or Chi5 ( Table 1) .
The sedimentation velocity of these chimaeras and coexpressed Cx43 were analysed using Triton X-100-soluble extracts. When samples prepared from HeLaCx43-Chi3 cells were analysed using 5-20 % sucrose gradients, wild-type Cx43 and Chi3 co-sedimented in a major peak centred at 9-10 % sucrose and a small peak centred at 12-13 % sucrose ( Figure 4C ). These results are consistent with the presence of both Cx43 and Chi3 in oligomers of intermediate size and in hexamers. Fractions isolated from HeLaCx43-Chi4 cells showed two peaks of wild-type Cx43, but only one low sucrose percentage peak of Chi4, suggesting that Chi4 (similar to Chi2) did not oligomerize or interact with Cx43 (results not shown). Gradients prepared from HeLaChi5 showed a main peak centred at ∼13 % sucrose that collapsed to 8-9 % sucrose when the Triton X-100-soluble fraction was pretreated with SDS before loading the gradients ( Figure 6A ). Gradients prepared from HeLaCx43-Chi5 cells exhibited overlapping patterns of sedimentation for Cx43 and Chi5, with two peaks centred at ∼8 % and at 12 % sucrose ( Figure 6B ). These two peaks contained monomers and oligomers respectively, since we observed only one major peak at ∼8 % sucrose containing both Cx43 and Chi5 when HeLaCx43-Chi5 Triton X-100-soluble fractions were treated with SDS before loading the gradient (results not shown). These data suggest that Cx43 and Chi5 co-oligomerize and form heteromers in HeLa cells.
The common sequence among the interacting chimaeras is TM3, suggesting the importance of this domain for Cx43 oligomerization.
Cx43-interacting chimaeras also co-localized with wild-type Cx45
In a previous study, we showed that Cx45 interacts and oligomerizes with Cx43, forming heteromeric channels with unique properties [4] ; this implies that Cx43 and Cx45 contain motifs that confer compatibility for hetero-oligomerization. Since it has not previously been reported whether Cx45 can oligomerize with Cx26, we first examined cells co-expressing these two wild-type connexins. When Cx45 was co-expressed with Cx26, both connexins localized in intracellular compartments and at gap junction plaques ( Figures 7A, 7D and 7G ). The overlap of the staining at appositional membranes was limited, and the sizes and shapes of Cx26-or Cx45-containing plaques appeared very different. When the chimaeras were transiently transfected into HeLaCx45 cells, we observed co-localization of Chi1, Chi3 and Chi5 (but not Chi2, Chi4 or Chi6) with Cx45 in the same compartments ( Figure 7 and results not shown). These results suggest that the Cx43 TM3 also contains motifs that determine oligomerization compatibility between Cx43 and Cx45.
Cx43-interacting chimaeras also co-localized with wild-type Cx26
To test for connexin domains important in interactions with Cx26, we performed double label immunofluorescence microscopy
Figure 6 Chi5 co-sediments with Cx43
Graphs represent the levels of Cx43 and Chi5 detected by immunoblotting of 5-20 % sucrose gradient fractions of Triton X-100-soluble material from HeLaChi5 (A) and HeLaCx43-Chi5 (B) cells. When expressed alone (A), Chi5 was detected in a peak of 13-15 % sucrose that probably represented oligomers, since it was reduced to a peak of ∼8-10 % sucrose by preincubation with SDS. In contrast, Cx43 and Chi5 were detected together in peaks at ∼8 % and 12 % sucrose (B). Arrows indicate the sedimentation peaks of Chi5 oligomers and disrupted oligomers. a. u., arbitary units. 8R) were only found intracellularly and did not co-localize with Cx26, which formed gap junction plaques in co-expressing cells ( Figures 8H and 8N , 8J and 8P, and 8L and 8R). These results imply that Chi1, Chi3 and Chi5 oligomerized with Cx26, whereas Chi2, Chi4 and Chi6 did not. As the TM3 domain in these chimaeras derives from Cx43 and not Cx26, this suggests that TM3 is not the critical region that determines oligomerization compatibility for Cx26.
To test for possible functional effects of chimaera interactions with Cx26, intercellular transfer of Lucifer yellow was tested in HeLa cells co-expressing wild-type Cx26 and the co-localizing chimaeras. HeLaCx26 cells showed extensive intercellular transfer of Lucifer yellow ( Table 1 ). The effects of co-expressed chimaeras on Cx26 varied with different chimaeras. Whereas co-expression of Chi1 had no effect on the incidence or extent of transfer of Lucifer yellow, co-expression of Chi3 or Chi5 significantly reduced the incidence and extent of transfer of Lucifer yellow.
DISCUSSION
Our experiments in the present study of co-expression of Cx26-Cx43 chimaeras with wild-type Cx43 have provided strong evidence that the TM3 of Cx43 is required for oligomerization with Cx43. Several pieces of evidence (summarized in Table 2 ) support this conclusion. First, double label immunofluorescence showed co-localization of Chi1, Chi3 and Chi5, but not of Chi2, Chi4 or Chi6 with Cx43 in the same subcellular compartments. We found that co-expression of Chi1 led to cytoplasmic retention of Cx43, whereas Chi3 (which formed gap junction plaques very inefficiently when expressed by itself) or Chi5 were 'rescued' by wild-type Cx43. Formation of mixed hexamers has previously been invoked to explain rescue of a chimaera/mutant to the plasma membrane by a wild-type connexin or cytoplasmic retention of a wild-type connexin when co-expressed with a mutant [3, 11, 17, [21] [22] [23] . Second, Chi1, Chi3 and Chi5 all acted as dominant-negative inhibitors of intercellular transfer of a gap junction tracer when co-expressed with Cx43. Such a significant decrease in gap junction intercellular communication in cells co-expressing connexins has frequently been attributed to formation of heteromeric oligomers. Third, in sedimentation velocity experiments, the distributions of chimaeras or Cx43 in the monomer and oligomer fractions were only altered when chimaeras containing the Cx43 TM3 were co-expressed with wild-type Cx43; Chi2 and Chi4 which contain the Cx26 TM3 did not oligomerize and had no effects on the peak of Cx43 oligomers. The smallest Cx43 domain present in all of the Cx43-interacting chimaeras was TM3.
The importance of sequences in TM3 for determining proper connexin trafficking, the intracellular compartment of oligomerization, and the formation of gap junction plaques has also been inferred from previous studies. Ahmad et al. [24] have reported that a Cx32 chimaera in which TM3 was replaced by a transmembrane domain from CFTR (cystic fibrosis transmembrane conductance regulator) does not oligomerize and is retained in the cytoplasm. Using a chimaeric strategy, Maza et al. [23] have obtained data suggesting that sequences in the TM3 and E2 domains, especially Arg 153 and Gln 173 , regulate Cx43 oligomerization by preventing formation of Cx43 hexamers in the ER. Lagrée et al. [11] found that a Cx43 mutant (Cx43R153W-GFP) containing a tryptophan residue at position 153, matching the corresponding amino acid in Cx32, rescued a transportdeficient Ds-Red-tagged wild-type Cx43 to the plasma membrane but did not rescue wild-type Cx32. The observed effects of our chimaeric constructs on the behaviour of wild-type Cx43 do not seem to depend on the presence of Arg 153 , because Arg 153 was not included as part of the Cx43 TM3 in Chi5, the chimaera in which only TM3 was interchanged between Cx26 and Cx43. This suggests that Arg 153 may not be required to determine compatibility for connexin oligomerization.
Similar to the results obtained in cells co-expressing Cx43, we found that Chi1, Chi3 and Chi5 (but not Chi2, Chi4 and Chi6) co-localized with Cx45. Thus, the sequences that determine oligomerization compatibility of Cx43 with itself and of Cx43 with Cx45 may reside in the same region, TM3. These results are of biological importance for cells in which both Cx43 and Cx45 are expressed (such as bone cells and cardiac myocytes) due to formation of heteromeric channels. Gap junction channels containing both Cx43 and Cx45 differ from the homomeric channels in voltage dependence, single channel conductance, permeability and kinase-dependent regulation [4, 25] . Therefore, a dominant mutation of one connexin (e.g. Cx43) might have more deleterious effects in cells that coexpress several connexins, because it could also affect the function of another co-expressed oligomerization-compatible connexin (e.g. Cx45).
Since none of the Cx26-interacting chimaeras contained the Cx26 TM3, it appears that this region is not a critical determinant of oligomerization compatibility for Cx26. Rather, since all of the Cx26-interacting chimaeras contained the NT to the TM2 domain of Cx26, it is likely that part of this region is involved in determining Cx26 oligomerization compatibility. In fact, it has been previously suggested that NT amino acids are involved in determining oligomerization compatibility with [11] . However, this conclusion cannot apply to all β-type connexins, since Gemel et al. [26] found that alteration of these residues in Cx43 or Cx40 to match those of Cx26 did not confer compatibility to oligomerize with Cx26. Interestingly, we found that two of the three Cx26-interacting chimaeras altered the functional properties of Cx26 gap junction channels. Co-expression of Chi3 or Chi5 significantly decreased intercellular transfer of Lucifer yellow through Cx26 channels. These results suggest that oligomerization of Cx26 with Chi3 or Chi5 produces gap junction channels with altered permeability or gating. This may result from a conformational change that partially or completely occludes the channel pore when TM3 (with or without the intracellular loop) of Cx26 is replaced by the homologous segment(s) of Cx43.
The recently published structure of Cx26 [15] indicates that the main pore-lining α-helix is TM1 with some contributions of TM2, whereas TM3 and TM4 face the hydrophobic membrane environment. In this structure, the main inter-subunit interactions are located in the extracellular half of transmembrane helices TM2 and TM4 (including residues Arg 75 , Thr 186 and Glu 187 ) and in the extracellular loops [15] . Since these residues are highly conserved among members of the connexin family, it is unlikely that these domains confer oligomerization compatibility. In the Cx26 structure [15] , TM3 contributes to the formation of an aromatic cluster located in the groove between connexin subunits. Perhaps this interaction is critical for connexin oligomerization compatibility of Cx43.
Incompatibility of Cx26 and Cx43 resulting from differences in their molecular determinants of oligomerization may have substantial biological consequences. Cx26 and Cx43 are coexpressed in some cell types in different tissues including skin [27, 28] , cochlea [29] , testes [30] and brain [31, 32] . Mutations in Cx26 are associated with sensorineural deafness. Mutations in Cx43 (usually dominant) have been associated with oculodentodigital dysplasia [33] , but sensorineural deafness is not a feature of this disease. The simplest explanation for this observation is that these Cx43 mutants retain their oligomerization compatibility, and they do not affect the function of Cx26 in the cochlea. Some dominant-negative Cx26 mutants are associated with syndromic deafness that may result in part from inhibition of co-expressed β-connexins (Cx30, Cx31) [34] . Some disease-associated Cx26 mutants are associated with skin disease and deafness; it has been postulated that skin disease in these patients is due to dominant-negative interference with the function of co-expressed Cx43 [35] . Thus preservation of oligomerization incompatibility in Cx26 mutants may limit the extent of physiological disruption by not affecting Cx43 function.
In conclusion, we have shown that although TM3 is a critical region for homo-and hetero-oligomerization of Cx43 and Cx45, this region is not critical for determining Cx26 oligomerization compatibility, but may modulate Cx26 gap junction channel permeability. Our results suggest that different regions are critical for oligomerization compatibility of connexins belonging to different subfamilies. Chi1-4 were generated through two PCR reactions; in the second PCR reaction (PCR2), the first PCR (PCR1) product was used as one of the primers. Chi5 and Chi6 were generated through three successive PCR reactions; the first two PCR reactions used standard oligonucleotide primers with different templates, whereas the third PCR (PCR3) used the PCR1 product as one primer and the PCR2 product as template. NA, not applicable. 
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